We present an accuracy improved hearing aid readout circuit using a gain-enhanced and OTA-free pseudo-PLL feedback technique. Compared with the conventional techniques, the technique replaces the typical oscillation approaches with a special pseudo-PLL feedback loop, which is able to partially amplify and directly convert the acoustic signal into the PWM signal without OTAs and comparators. Since the partially amplifying pseudo-PLL loop has the large open loop gain characteristic with the ultra low supply voltage, the accuracy of the large output signal should be maintained with the limited power dissipation. Fabricated with a 0.18 μ m standard CMOS process,with the 1.2V supply voltage and the input sine wave 1KHz, the signal to noise and distortion rate (SNDR) achieves 55dB@1Vp-p output voltage with the bandwidth 20kHz. Moreover, the circuit's power consumption is 9μW.
Introduction
Recently, technology's impact on hearing aid system has begun to accelerate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Since the hearing aid readout circuit's performance is determined by the ability of the bio weak signal detection, the key parameters such as distortion and dynamic range are necessary to be improved, especially with the ultra low supply voltage.
To improve the circuit's performance with the ultra low supply voltage, the approach of the saw wave is proposed [7, 12] . Although the system is able to work well with the ultra supply voltage, the large signal(outputted by the preamplifier)'s distortion remains to be serious because of the output stage's saturated transistors. And the dynamic range of the PWM signal still needs to be optimized because of the dynamic range of the LPF in the PWM feedback loop. With regards of the PLL feedback loop approach, because of the PLL loop's large gain maintenance, the approach of the typical feedback loop [4, [9] [10] [11] should eliminate the drawback above. However, with the adoption of the OTA in the feedback loop, the extra power should be consumed. And the dynamic range of the preamplifier is still limited.
In order to overcome these challenges, this paper describes an accuracy improved readout circuit with the ultra low supply voltage 1.2V. In the circuit, in order to achieve the accuracy improved performance, a gain-enhanced and OTA-free pseudo-PLL feedback technique is proposed. This paper is organized as follows. In Section II, we discuss the principle of the proposed technique. Section III details the implementation of the key blocks. Measurement results are described in Section IV. Finally, the conclusions will be given in Section V.
The Principle and Analysis of the Proposed Technique

The drawback analysis of the conventional approaches
The following drawback analysis mainly focuses on the recently popular approaches: the saw wave approach and the conventional PLL loop approach. 1) The saw wave approach
The readout circuit using the saw wave approach is shown in Fig1. (a). It is conventionally designed with the preamplifier, the LPF, the OCS and converter: The preamplifier is used to amplify the weak signal of the ECG sensor; while the oscillator and comparator are utilized to convert the analog signal into the PWM signal. The LPF is used to enhance the gain of the PWM feedback loop. Fig. 1(a) . The readout circuit with the saw wave technique Fig. 1(b) . The readout circuit with the conventional loop technique
Since the preamplifer and LPF are the analog blocks, the readout system's distortion is still suffering from the dynamic range of the above blocks' output signal. With the increasing output signal, the blocks' saturated transistors in the 2) The PLL feedback loop with the active LPF To decrease the distortion without the above drawbacks, the approach of implementing the feedback loop, which is mainly constituted of the active LPF (low pass filter), the VCO (voltage controlled oscillator) and the PFD (phase and frequency detector) , is proposed, as shown in Fig1.(b) . With the ultra low supply voltage, the VCO is able to maintain the large phase gain because of the oscillation characteristic.
The active LPF(low pass filter) is used to increase the open loop gain of the closed loop. Although the open loop gain should be optimized, the OTA's [10, 11] in the LPF block would dissipate the considerable power. Moreover, the stability is becoming an issue because of the extra poles in the OTA. And the dynamic range of the preamplifier's output signal is still limited by the saturated transistors in the output stage.
The principle of the proposed technique
1) The structure with the proposed technique To overcome the mentioned challenges above, a structure with the gain-enhanced and OTA-free pseudo-PLL feedback technique is proposed, as shown in Fig.2(a) . The structure simply consists of a preamplifier loop and an OTA-free pseudo-PLL loop. Specially, the OTA-free pseudo-PLL loop is mainly constituted of a passive filter, VCOs and a frequency and phase detector (FPD). Without the OTA in the loop, the power dissipation and stability should be optimized. Meanwhile, in order to avoid the drawback of the preamplifier's loop limited output dynamic range, the preamplifier loop is designed to have the characteristics of partially amplifying the needed signal of the patients; while the pseudo-PLL loop is used to output the PWM signal with the certain gain.
According to the topology in Fig.2(a) , the mathematical model of the proposed technique is given, as shown in Fig.2(b) : the two loops are simply constituted by the preamplifier and pseudo-PLL blocks with the feedback networks. In the pseudo-PLL block, HPPF(s) is the transfer function of the passive filter; KVCO and KPD are the coefficients of the voltage to frequency gain of VCO and the phase to voltage gain of FPD. The feedback network (R1,R2) and the other one (R3,the passive filter ) are modeled as the feedback coefficients F1 and F2 of the two loops.
With the mathematical model, assuming that Vin(s) is the input signal of the system, Vout1(s) and Vout2(s) are the output signals of the preamplifier and pseudo-PLL loops, respectively; Θref is the phase reference of the loop, the output signal Vout2(s) should be generally expressed as follows: . According to the equation 1, by the means of designing F1 and F2, the gains and the output signal swing of the two loops could be controlled.
2) The optimization of the accuracy performance With the proposed topology, considering of the third order harmonic distortion characteristic, the output signal of the system in frequency domain should be generally expressed as follows: 
Where a1 and a2 are the third order harmonic distortion coefficients of the preamplifier and pseudo-PLL feedback loop, respectively. The first term represents the ideal output signal, while the second term illustrates the third order harmonic distortion. And the characteristics of a1 and a2 [13] According to the equation 3, it should be concluded that: for optimizing the harmonic distortion, the output signal's amplitude and open loop gain of each block should be controlled properly. For controlling the amplitude, the closed loop gains of the respective blocks should be designed properly. Accordingly, considering of the gain characteristics (40dB) of the acoustic signal (<10kHz) [1] [2] [3] [4] [5] [6] [7] [8] [9] , the gain of the preamplifier is designed to be 25dB; while the gain of the pseudo-PLL closed loop should be 15dB.
Because of the low output signal swing of the preamplifier (with the closed loop gain of 25dB), the coefficient a1 of the preamplifier's harmonic distortion should be ignored; and since the open loop gain of the PLL feedback loop can be easily designed to be large, the coefficient a2 of the pseudo-PLL feedback loop's harmonic distortion should be easy to be controlled within the ultra low level.
The Circuit Implementation
1) The buffer-cascaded preamplifier
In order to further improve the signal's accuracy, the topology of the accuracy optimized preamplifier is given in Fig 3. The preamplifier consists of the conventional two-stage amplifier and the cascading buffer. Specifically, the amplifier is used to convert the weak acoustic signal into the amplified voltage signal; while the buffer decouples the feedback resistor network from the amplifier. So the open loop gain of the preamplifier should be maintained. 2) The proposed gain-enhanced and OTA-free pseudo-PLL feedback loop As illustrated in Fig 4(a) , the pseudo-PLL loop can be seen as the conventional closed loop amplifier. The loop is mainly constituted by the coefficient feedback devices (Rin and Rfeedback), the filtering devices (R1 and C1,2) and the integrator. The integrator consists of the input stage, the phase reference, the VCO and the frequency and phase detector, as shown in Fig4(b). The phase reference and the VCO are actually the conventional 5-stages ring oscillator [10] . To guarantee the oscillation of the reference and the VCO, the current sources Ibias_2 and Ibias_3 are designed. In order to minimize the input referred offset signal, the Ibias_2 and Ibias_3 are set to be equal.
According to the topology of the loop, the closed loop transfer function of the pseudo PLL feedback loop should be expressed as follows: 
Where KVCO and KPD are the gain coefficients of the VCO and phase detector, respectively. In order to achieve the unit bandwidth 300kHz, the values of the two capacitors C1,2 are designed to be 10pF and 3pF; and the resistors Rin,feedback and R1 are designed to be 200kohm, 1Mohm and 100kohm. 
The Results of Measurement and Discussion
The hearing aid readout system is designed and measured with a 0.18μm CMOS standard process. The corresponding prototype of the chip is shown in Fig5. The results of measurement are divided into two sections: the measurement of the SNDR performance; the measurement of the power dissipation.
On the issue of the SNDR performance, the typical 1kHz sine wave is used as the input signal of the system. The SNDR achieves 55dB@1Vp-p , as shown in Fig6. And as shown in Fig7, the circuit bandwidth achieves 20kHz.The power dissipation of the readout system is measured and shown in the Table I. The comparison with the previous works and products is concluded in the table II. In the table II, the SNDR and the power dissipation of the previous works are considerable. In this work, the SNDR are able to be maintained within the high level despite of the ultra low supply voltage. The benefit attributes to the preamplifier with the buffer and the pseudo-PLL feedback loop with the certain gain. Simultaneously, the power is comparable or lower with the others. Moreover, no active filters or OTAs are needed in the loop. 
The Conclusion
This paper has presented an accuracy improved hearing aid readout system that proposes the gain-enhanced and OTA-free pseudo-PLL feedback loop technique. According to the measurement results, the technique is able to maintain the signal's distortion within the low level. Therefore, the techniques above realize the accuracy improved system with the ultra low supply voltage.
